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Effect of Two Critical Angles of X-Ray Surface Diffraction
on Secondary Emission Yield

By
V. G. BARYSHEVSKII and S. A. STEPANOV

The dependence of secondary fluorescence yield from the crystal on the angle of incidence of an X-ray
beam under conditions of surface diffraction is theoretically studied. It is shown, that location of surface
deposited impurity atoms in the crystal matrix may be determined from the shape of secondary emission
curves.

TCOpCTI/I‘{CCKI/I uccijeJ0BaHa 3aBUCUMOCTD HHTEHCUBHOCTH BBIXOJAa BTOPHYHOI'O U3JIYyHCHHSA U3 KpHUc-
TaJIjla OT yrJja naacHus PCHTICHOBCKOI'O My4Ka B YCJIOBUAX HOBCpXHOCTHOﬁ ;[mbpalcunu PECHTT€HOBCKHUX
nyl{eﬁ. IToka3zaHo, 4TO (bOpMC BTOPHUYHO-3MUCCHOHHBIX KpUBBIX MOXHO onpencyAThb MOJIOXKCHHAC B
peuIeTKe KpUcTajia IPUMECHBIX aTOMOB, OCaXJEHHBIX Ha €ro MOBEPXHOCTH.

1. Introduction

X-ray surface diffraction [1 to 3] has been actively studied in last years as it is a promising
instrument for investigating a crystal surface.

In particular, in works [4 to 6] the variation of the yield of the fluorescent quanta and
photoelectrons under surface diffraction conditions were investigated. It was shown, that
secondary emission provides information on the structure of an X-ray wave field in a crystal,
particularly in those cases, where a diffracted wave cannot be recorded experimentally
because of the total internal reflection effect.

The authors [4 to 6] restricted themselves to the analysis of curves of secondary emission
yield, averaged over the contributions of all the atoms in a crystal. It was noted in [6], that
the averaged secondary emission curves do not give, in principle, more information compared
to those of X-ray diffraction, since the escape depth of most secondary radiations exceeds
that of formation of an X-ray standing wave field under surface diffraction.

In this connection we think, that under conditions of surface diffraction, the most
interesting thing is a record of a characteristic fluorescence not from all of the crystal matrix,
but from impurity atoms, deposited in this or that way on its surface, what deliberately
fixes the small escape depth. The suggested approach is similar to that, advanced in [7] for
the Bragg-case geometry of X-ray diffraction. It will be shown below, that it allows one to
determine location of impurity atoms in a crystal lattice.

2. Derivation of the Basic Equations

Consider a fluorescent atom, located at a depth of z at a point with coordinate g,, taken
along the surface. The fluorescence intensity of this atom in a crystal is proportional to the
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module square |D(z, g,)|* of the X-ray electric field strength at a location of the atom. In
order to obtain the fluorescence intensity in vacuum in front of the crystal surface, it is
necessary to multiply the emission intensity of the atom by the probability of the fluorescent
quanta escape from the depth z. Owing to a small depth of location of fluorescent atoms
in the case under consideration, the escape probability may be assumed to be equal to
unity. Thus, in particular case of surface diffraction of o-polarized incident waves we have
(see [8] for details)

2 2
Lu(@0 2 2,01) ~ | 3 (D + D efhe, *ixovs giranrs| ()
j=1

Here D{!» = D{2(e, @) are the amplitudes of two transmitted and two diffracted waves
constituting the wave field in a crystal under surface diffraction. They take on the form
A= IWOEIUC + gy + )

DY = . (@
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h is the reciprocal lattice vector, x, is the wave vector of an incident X-ray wave, ¢, is
the angle of incidence, 1 is the effective disorientation angle of the reciprocal lattice vector
relative to the surface, o is the Bragg deviation parameter, ¢, is the angle of exit from the
crystal of a diffracted X-ray wave (@7 = (¢o + ¥)*> — &), X0 Xn X are the crystal
polarizabilities, W = 42 — o3 — 5, u" are the two roots with Im (u") > 0 of the
following dispersion equation:

W® — @3 — x0) ((u + ¥)* — OF — %0) = XInki - (4)

Expanding the square of module in (1), we obtain

2
Iny(@o. 2 2,01) ~ 2 [(DEF + IDPP) a®] + 2 Re[(DEVDEP* + DIDP*) b]

j=1
2
+ 2 ). Re[DYDP*aYe(x)] + 2 Re[(DSVDP*b + DPDIV*b*) c(x)], (5)

j=1
where x is the component of ¢, along the vector A,

a(j) — e—Z;tolm(u(f))z b = ei;qg(u‘”*u‘”"‘)Z

, , C(x) — e*ihx—ixolpz .

3. Discussion

As follows from (5), the fluorescence intensity is composed of two contributions. The first
contribution (terms 1 and 2) does not depend on x. And the second one (terms 3 and 4),
on the contrary, is sensitive to the position of a fluorescent atom with respect to diffracting
planes. It is obvious, that the presence of the contribution, which depends on x, permits
one to locate an atom in a crystal lattice by the shape of a fluorescence curve.

Consider for certain a particular case, that is the incidence angle dependence of the
fluorescence yield from the crystal surface (z = 0) at « = 0 and v = 0. From (2) and (3) we
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have

. . @
DY = (~1P7DP = 70—, (6)
u-’ + @q

where
ut® = (93 + 10 £ ).

Substituting (6) into (5), one may obtain

Iiu(@o, ) ~ 20DV + IDEP) + 2(DEV)* — IDE?) cos (hx). ™)
Thus,

Inu(@o) ~ 4D§V1? (8a)
at hx = 0, 27, ..., when fluorescent atoms lie on diffracting planes;

Ii(@o) ~ 4D§VI? (8b)
at hx = =, 37, ..., when fluorescent atoms lie in the middle between diffracting planes;

I(@o) ~ 2(DV1* + IDE?) (8¢)

at a random arrangement of fluorescent atoms (when averaging is made over x).

Corresponding plots are given in Fig. 1 (curves 1 to 3). Dashed line (curve 4) shows the
incidence angle dependence of the surface fluorescence yield when the X-ray beam is
specularly reflected from the surface outside Bragg diffraction conditions.

The equations and figures given above have a simple physical explanation. They testify
to the existence of two X-ray standing waves in a crystal under surface diffraction. These
waves have strong and weak amplitudes of interaction with matter and, respectively, different
critical angles of total external reflection (see [1, 9, 10]). For a fluorescent atom, located on
diffraction planes, the total irradiation X-ray intensity is completely defined by a strongly
interacting field, forming antinodes on these planes. And contrary to this, an atom, located
in the middle between the planes, is irradiated only by a weakly interacting X-ray field.

i
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8 Fig. 1. Fluorescene yield from Si crystal surface as a
8 1L function of the incident angle of an X-ray beam under
§ surface diffraction of CuKa, radiation on (220) planes.
= Fluorescent atoms are (1) in sites, (2) in interstitials,

(3) distributed uniformly throughout the lattice, (4)
] J no diffraction
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As follows from (6), fluorescent curves in Fig. 1 show maximum intensity at the angle of
incidence, which is equal to the critical angle of total external reflection for the respective
field: go = (|xol + lxa)'/? for curve 1, @ = (Ixol — lxs)*/? for curve 2 and @, = (y0))"/* for
curve 4.

4. Conclusions

Thus, location of impurity atoms in lattice along the crystal surface may be determined
from the angular position of a maximum on the cufves of fluorescence yield under conditions

of surface diffraction.

Choice of two nonparallel reciprocal lattice vectors, corresponding to surface diffraction,
provides two coordinates of impurity atoms along the surface.

According to (5), depth z may also be determined in addition to the data of method [7],
since in [7] not the depth of impurity location is measured, but its displacement with respect
to atomic planes, parallel to the surface.

In conclusion, we should note, that according to [11], in the multi-beam case of surface
diffraction there are more than two thresholds of total specular reflection. As a consequence,
the number of maxima in the secondary emission yield is growing in this case.
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